We present the first method for efficient recovery of complete, closed genomes directly 8 from microbiomes using nanopore long-read sequencing and assembly. We apply our approach 9 to three healthy human gut communities and compare results to short read and read cloud 10 approaches. We obtain nine finished genomes including the first reported closed genome of 11
necessitating approximately 300 mg input stool to assure the 1 nanogram (ng) final HMW DNA 48 mass required for read cloud library preparation. Current long read library prep protocols require 49 1000 ng of HMW input DNA, well beyond the practical capability of existing stool DNA extraction 50 techniques. In order to maximize the throughput and read length of nanopore sequencing, a 51 new approach yielding DNA in dramatically higher quantity and molecular weight was needed. 52
We developed a method for HMW extraction capable of yielding 1000-fold more DNA 53 over 5 kb than a conventional bead-beating approach (Supplementary Figure 1 , see Methods). 54
We applied this method to two samples (P1 and P2-A) as well as a third sample (P2-B), 55 collected 15 months later from the second individual. HMW DNA extraction yielded at least 1 µg 56 HMW DNA per 300 mg input stool mass for all samples ( Supplementary Table 1 ). Nanodrop 57 measurement produced A 260/280 ratios over 1.86 and A 260/230 ratios over 2.23 for all samples, 58
indicating absence of contaminants such as proteins, solvents and salts. 59
We obtained a total of 12.7 giga-base pairs (Gbp), 6.1 Gbp, and 7.6 Gbp of long read 60 data for samples P1, P2-A, and P2-B, respectively ( Supplementary Figure 2 , Supplementary 61 Table 2 ) with N50 values of 4.7 kbp, 3 kbp and 3 kbp. The taxonomic composition of reads 62 obtained through our approach was compared to that obtained by standard mechanical lysis 63 and short read sequencing methods (see Methods). Although precise rank order relative 64 abundances varied, we noted higher Shannon diversity from the present approach (P2: 2.0 vs. read cloud approach yielded only one. Short read bins never exceeded 550 kbp. Finally, the 83 present approach yields a comparable quantity of high quality genomes at far higher contiguity 84 with lower capital equipment requirement, sequencing cost and turnaround time (Supplementary 85 Table 4 ). 86 Nanopore long read assembly yielded nine complete, circularizeable bacterial genomes 87 across the three sequenced samples, and a maximum of four from a single sample (P1), 88 compared to zero from the short read, read cloud, and synthetic long read approaches 89 previously applied to these samples 9 . Assembled genomes are up to 5Mbp in length, and in 90 several cases (Prevotella copri, Subdoligranulum variabile, Phascolarctobacterium faecium, and one 1.1 kbp IS66 family sequence and one 1.6 kbp IS1380 family sequence. These were found 109 to be assembled in a total of 29 genomic loci between the two timepoints, but IS instances 110 absent from the consensus assembly were detected directly in long reads at an additional 45 111 loci (see Methods). These insertion sites, whether fixed in the strain population or varying 112 between strains, co-locate with breaks in short read and read cloud assemblies, illustrating their 113 impact on these types of assembly ( Figure 2) . 114
Other complete genomes include Phascolarctobacterium faecium assembled in samples 115 P2-A and P2-B at relative abundances of 4% and 1.41%, respectively. These assemblies are 116 the first complete genomes for this species, and display high structural and nucleotide alignment). Sample P2-A also yielded the first circular genome for Dialister invisus, present in 120 that sample at 1.03% relative abundance. We find similar structural divergence compared to the 121 available reference (Supplementary Figure 3) , and concordance with the read cloud draft, which 122 contained identical large-scale structural inversions (99.90% identity, 99.97% sequence 123 alignment) (Figure 2 , Supplementary Table 5 ). Although the Dialister invisus assembled in 124 sample P2-B was assessed complete, it was not found to be circularizable. 125
In sample P1, we obtained circular genomes for Bacteroides uniformis (6% abundance 126 in long reads), Alistipes finegoldii (2% abundance), Oscillibacter sp. (0.14% abundance), and 127
Subdoligranulum variabile (0.37% abundance). Of these, we were able to obtain structurally 128 concordant reference sequences for all but Subdoligranulum, for which we could not locate a 129 reference with more than 19% aligned bases, suggesting the possibility of a novel strain. Seven 130 16S rRNA loci were assembled in this genome, all bearing 98% sequence identity to the closest 131 match from Subdoligranulum variabile strain BI114, for which no genome reference is available 132 for comparison. Identity with read cloud assemblies in all cases was over 99.7%, with over 133 98.3% of bases aligning to the assembled draft ( Supplementary Table 5 ). For all closed 134 genomes, read cloud and short read assembly yielded more fragmentary assemblies, which 135 were only partially recovered by binning ( Figure 2) . 136
Our approach relies on consensus refinement based on short read data to correct 137 homopolymer errors intrinsic to the current nanopore sequencing technology. Although long 138 read-based consensus refinement is possible and partially effective, we find that it cannot fully 139 replace short read correction ( Supplementary Figure 4 ). We found that uncorrected long read 140 assembly demonstrated a 3% error rate with 3-mer homopolymers, assembled too short by an 141 average of 0.5 nucleotides. This worsens to a 65% error rate on 6-mer homopolymers, which 142 were assembled too short by an average of 1.3 nucleotides. On average, 63 homopolymers of found to require correction with short reads. CheckM, a tool which annotates genome 145 completeness based on single copy core gene detection, demonstrates a low detection rate on 146 uncorrected assemblies, consequently under-reporting genome completeness even on 147 circularizeable whole-genome contigs. For instance, the genome annotated Oscillibacter sp. in 148 sample P1 is annotated 38% complete in the uncorrected assembly. This rises to 68% complete 149 after correction with long reads. With short read correction, the genome receives a 96% 150 completeness annotation, compared to 98% for the sole available closed genome reference 151 sequence (strain PEA192). The present workflow for sequencing and assembly can operate 152 solely with long reads and will yield structurally correct and complete genomes, although with 153 reduced nucleotide accuracy. Future advances in nanopore sequencing technology that 154 decrease the homopolymer-repeat related errors will likely lessen or remove the requirement for 155 supplemental short read sequencing to achieve genomes with high nucleotide fidelity. 156
Although the present approach has achieved effective assembly of bacterial genomes 157 from metagenomes, we anticipate that future advances in metagenomic DNA extraction 158 methods and nanopore long read assembly will improve read length and reduce the read 159 coverage required to close genomes. In addition, epigenetic modification detection will add to 160 future metagenomic studies by revealing phage and bacterial sequence methylation patterns, 161 methylation-based contig binning approaches, and epigenetic regulation of bacterial DNA-162 protein interactions. 163
In conclusion, our approach assembles the first complete genome of Prevotella copri, an 164 organism with high prevalence in non-western guts and with emerging, potentially strain-specific 165 links to human health and disease 11, 12 . The high copy number of IS66 and IS1380 family 166 insertion sequences in this genome limit the effectiveness of short read approaches, despite 167 receiving over 4,800x coverage in an earlier metagenomic sequencing study 9 and extensive 168 isolate sequencing in a separate effort 10 . IS1380 has been previously reported to carry an 169 outward-facing promoter capable of upregulating adjacent gene sequences, and has been 170 found to impact antibiotic resistance gene regulation and resistance phenotype 13 . We anticipate 171 that this approach will help illuminate the role of repetitive classes of genomic elements with 172 important effects on cellular and clinical phenotypes, and facilitate efforts to broaden human 173 microbiome research to global populations where Prevotella are highly prevalent 14 . Closing 174 these and other genomes will allow investigation into the complete functional repertoire and 175 potential phenotypes of individual microbes, even when these organisms are difficult to culture 176 or are found in mixed communities, facilitating future research in important human microbiomes 177 and poorly characterized microbial communities such as soil and marine sediment. Next, DNA was precipitated with 90µL 3M sodium acetate (Fisher Scientific) and 500uL 234 isopropanol (Fisher Scientific) for ten minutes at room temperature. After inverting three times 235 slowly, samples were incubated at room temperature for 10 minutes, then centrifuged 10 236 minutes at 10,000g. The supernatant was removed and the pellet was washed two times with 237 freshly prepared 80% (v/v) ethanol (Fisher Scientific). The pellet was then air dried with heating 238 for ten minutes at 37˚C or until the pellet was matte in appearance, and then resuspended in 239 100µL nuclease-free water (Ambion, Thermo Fisher Scientific, Waltham, MA). 1mL Qiagen 240 buffer G2, 4µL Qiagen RNase A at 100mg/mL, and 25µL Qiagen Proteinase K were added, the 241 samples were then gently inverted three times, and then were incubated 90 minutes at 56˚C. 242
After the first 30 minutes, pellets were dislodged by a single gentle inversion. 243 buffer QBT and allowed to empty by gravity flow. Samples were gently inverted twice, applied 245 to columns and allowed to flow through. Three stool extractions were combined per column. 246
Columns were then washed with 3mL Qiagen buffer QC, then DNA was eluted with 1mL Qiagen 247 buffer QF prewarmed to 56˚C. Eluted DNA was then precipitated by addition of 700µL 248 isopropanol followed by inversion and centrifugation for 15 minutes at 10,000g. The 249 supernatant was carefully removed by pipette, and pellets were washed with 1mL 80% (v/v) 250 ethanol. Residual ethanol was removed by air drying ten minutes at 37˚C. This was followed by 251 resuspension of the pellet in 100µL water overnight at 4˚C without agitation or any kind. 252 DNA was then size selected with a modified SPRI bead protocol as described 16 , with 253 minor modifications: beads were added at 0.9x, and eluted DNA was resuspended in 50µL 254 water. The concentration, purity and fragment size distribution of extracted DNA was then 255 quantified with the Qubit fluorometer (Thermo Fisher Scientific, Waltham, MA), Nanodrop 256 (Thermo Fisher Scientific), and Tapestation 2200 (Agilent Technologies, Santa Clara, CA), 257 respectively ( Supplementary Table 1 Cupertino, CA), with data stored to a Vectotech 2Tb SSD hard drive. Sequencing runs were 266 scheduled for 48 hours, and allowed to run until fewer than 10 pores remained functional. After 267 sequencing, data were uploaded to the Stanford Center for Genomics computational cluster for 268 analysis (see below). Short read libraries were prepared and sequenced as described 269 previously 9 . 270 271 Sequence assembly and analysis 272
Raw data were basecalled with Albacore v2.3.1, and assembled in two separate runs 273 with Canu v1.7.1 with the -nanopore preset parameter 17 . The two runs differed by the estimated 274 genomeSize parameter, provided as either 50m or 100m. The two separate assemblies were 275 then merged with quickmerge v0.40 18 , circularized with Circlator v1.5.5 19 and Encircle (present 276 study, see below), and then polished with either Medaka 20 or a parallelized version of Pilon 277 v1.22 21 (present study) for long read or short read consensus refinement, respectively. In order 278 to parallelize Pilon, reference sequences were divided into 100kb segments, short reads 279 aligning to each segment were downsampled to at most 40x coverage depth, and Pilon was 280 used to detect errors within the reference and read subset. These errors were then aggregated 281 across all subset runs and used to generate a refined consensus with bcftools 22 . Errors found in 282 homopolymers were identified with an in-house script, homopolymer_error_analyzer. 283
Sequences are binned and annotated as previously described 9 . 284
There is presently no straightforward, comprehensive method for determining circularity 285 in metagenome-assembled genomes. A minority of the circular genomes we obtained (D. 286 invisus in P2-A, P. copri and Phascolarctobacterium in P2-B) were circularized by an existing 287 genome circularization tool. In several cases, assembled genome contigs extended beyond the 288 wrap-around point of the circular chromosome, resulting in what we term over-circularization 289 (supp fig 5) . Over-circularized contigs contain redundant sequences at their termini which 290 spuriously increase apparent contamination when assessed by CheckM. In order to trim over-291 circularized contig ends in order to obtain a nonredundant, circular genome, we developed 292
Encircle, a utility which performs contig self-alignment with Mummer 23 and determines when 293 over-circularization has taken place, then outputs precise trim coordinates to circularize the 294 the assembled genome, mapping long reads to the junction, and inspecting alignments for 299 reads spanning the gap; B. uniformis was found to be slightly overcircularized by 10kbp (below 300 the limit of detection of Encircle), and A. finegoldii was found to be perfectly circularizeable. 301
Binning was performed and evaluated as previously described 9 . Due to the complete 302 genomes present in our assemblies, binning became unnecessary for some organisms, and 303 instead led to several cases of genomic contamination as assessed with CheckM. In cases 304 where >5% contamination occurred in a bin with one genome-scale contig and several much 305 smaller (<100kbp) sequences, the smaller sequences were removed and the largest sequence 306 was re-evaluated with CheckM 24 , in two cases yielding complete and uncontaminated genomes. 307
Long and short reads were taxonomically classified with Kraken 25 , and Shannon 308 diversity was calculated with vegan 26 . Figures were generated with ggplot2 27 , gviz 28 , doBy 29 and 309 reshape2 30 . All workflows were implemented with Snakemake 31 . 310 311 Insertion sequence strain diversity 312 K-mers represented more than 6 times in the Prevotella copri assemblies were identified 313 with Jellyfish2 32 . These were assembled with SPAdes 33 two obtain two full-length insertion 314 sequences. These sequences were located in the genome assemblies by alignment with 315 minimap2 34 . In order to locate additional unassembled insertion sequences present in strains of 316 P. copri, reads containing insertion sequences were identified by alignment with minimap2, then 317 200 bases immediately upstream of the insertion sequence were taken from each read and 318 aligned to the genome assembly. 319 long reads were first aligned to the assembled IS sequences. Long reads containing IS 321 sequences were isolated, and flanking sequences 200bp upstream of the IS were extracted and 322 realigned to the genome assembly. IS-flanking sequence depth was compared to local overall 323 coverage depth to obtain the relative abundance of strains carrying a given IS. Only 18 insertion 324 sites carried fixed ISs and a further 56 sites showed a mixture of strains with and without an IS 325 Homopolymer count as a function of length, and homopolymer error in assembled 401 sequence as a function of length in corrected sequence. We found that uncorrected long read 402 assembly demonstrated a 3% error rate with 3-mer homopolymers, assembled too short by an 403 average of 0.5 nucleotides. This worsens to a 65% error rate on 6-mer homopolymers, which 404 were assembled too short by an average of 1.3 nucleotides. On average, 63 homopolymers of 405 length 3 or greater were found per kilobase of assembled sequence, of which 4.5 (7.1%) were 406 found to require correction with short reads. Figure 2 
